INTRODUCTION
============

One of the major challenges for living organisms is the oxidative stress derived from reactive oxygen species (ROS) produced via normal aerobic metabolism or by exposure to redox-cycling drugs, ionizing radiation or by stimulated human phagocytic cells during infections of multiple phyla. ROS in relatively low concentrations are capable of causing damage to virtually all biomolecules including DNA, RNA, lipid and protein. As a primary defense against ROS, both prokaryotes and eukaryotes have developed antioxidant defense systems to protect cells from the aforementioned lesions ([@gks017-B1]). In bacteria, antioxidant defense systems have been extensively studied in *Escherichia coli* ([@gks017-B2; @gks017-B3; @gks017-B4]). In this organism, superoxide-generating compounds such as paraquat activate SoxR-mediated transcriptional activation of SoxS, which then modulates the expression of a battery of genes including *sodA* (manganese superoxide dismutase), *fpr* (ferredoxin/flavodoxin-NADP1 reductase), *zwf* (glucose 6-phosphate dehydrogenase), *fumC* (fumarase C), *nfo* (endonuclease IV), *acnA* (aconitase A) and *micF* (a small regulatory RNA). In parallel, hydrogen peroxide (H~2~O~2~) activates OxyR, a LysR Type Transcriptional Regulator (LysR)-type transcriptional regulator (LTTR) via the oxidation of two conserved cysteine residues (Cys 199 and Cys 208) and the formation of an intramolecular disulfide bond ([@gks017-B1],[@gks017-B5]). The oxidized OxyR induces the expression of a set of defensive genes including *katG* (hydrogen peroxidase I), *ahpCF* (alkyl hydroperoxidase), *dps* (a nonspecific DNA-binding protein), *gorA* (glutathione reductase), *grxA* (glutaredoxin I) and *oxyS* (a small regulatory RNA) ([@gks017-B6],[@gks017-B7]). Oxidized *E. coli* OxyR possesses DNA-binding activity and recognizes a conserved motif consisting of four regularly spaced ATAG elements. Both oxidized and reduced forms of *E. coli* OxyR bind to the control region of the own gene, but the two forms establish different contacts with the operator. In contrast, reduced OxyR and a cysteine mutant (C199S) do not bind to other targets ([@gks017-B8],[@gks017-B9]). Similarly to many other LTTRs, *E. coli* OxyR also represses its own transcription irrespective of its redox state ([@gks017-B10]). OxyR homologs have also been identified in various bacteria, including other Proteobacteria such as *Neisseria gonorrhoeae*, *Legionella pneumophila*, *Xanthomonas campestris* and *Haemophilus influenza* ([www.ncbi.nlm.nih.gov](www.ncbi.nlm.nih.gov)). These proteins showed properties significantly different from those of *E. coli* OxyR with respect to the transcriptional regulation pattern, hydroperoxide-sensing behavior and conserved cysteine composition.

As a human opportunistic pathogen, *Pseudomonas aeruginosa* causes severe acute nosocomial infections in immunocompromised individuals or chronic lung infections in cystic fibrosis (CF) patients. Intrinsic antibiotic resistance and versatile ecological adaptability, especially as biofilms, contribute to making the eradication of this bacterium from the infection sites highly problematic ([@gks017-B11]). During both the infectious process in human disease as well as its free-living, planktonic lifestyle, endogenous and exogenous ROS are scavenged by the redundant antioxidant defense systems of *P. aeruginosa*. In the context of peroxide detoxification (both H~2~O~2~ and organic peroxides), most of the genes involved were found to be controlled by OxyR ([@gks017-B12],[@gks017-B13]). Additional findings have shed light on the important roles of the regulator in the pathogenesis of *P. aeruginosa* ([@gks017-B14],[@gks017-B15]) as well as in iron uptake mediated by the siderophore pyoverdine ([@gks017-B16]), and in the regulation of the phenazine compound pyocyanin production ([@gks017-B17]). In particular, extensive studies have focused on its roles in the antioxidant defense response to H~2~O~2~ by transcriptional activation of a battery of genes such as *katA* (catalase A) ([@gks017-B13]), *katB* (catalase B), *ahpB* (alkyl hydroperoxide reductases B) and *ahpCF* (alkyl hydroperoxide reductases CF) ([@gks017-B12]). However, there is a relative paucity of information concerning the association of OxyR with its target promoter regions *in vivo*.

Chromatin immunoprecipitation (ChIP) is a powerful technique to explore transcriptional regulatory mechanisms and to measure the association of transcription factors with their targets *in vivo*. It overcomes the limitations of genetics and biochemical approaches by directly determining both the position and the strength of protein--DNA interactions *in vivo*. When integrated with transcriptional profiling or microarrays to create the ChIP-chip technique, also known as genome-wide location analysis, this approach allows for the quantitative measurement of protein--DNA interactions on a genome-wide scale ([@gks017-B18],[@gks017-B19]). Until recently, only a limited number of studies have taken advantage of the ChIP-chip technique in elucidating transcriptional regulatory mechanisms in prokaryotes, especially in human pathogens ([@gks017-B20; @gks017-B21; @gks017-B22]).

In this report, we used ChIP-chip to identify direct binding targets of OxyR on the *P. aeruginosa* genome and validated the results by *in vitro* binding assays with purified OxyR protein to selected targets. We confirm its key role in oxidative stress response by regulating mainly *katA*, *katB*, *ahpB* and *ahpCF* and report its implication in other unexpected important responses such as quorum-sensing (QS) regulation, iron homeostasis, oxidative phosphorylation and transport, in agreement with some previous phenotypic observations ([@gks017-B14],[@gks017-B16],[@gks017-B17],[@gks017-B23],[@gks017-B24]). These OxyR-mediated mounted responses to different stresses explain why *P. aeruginosa* is highly adaptable to environmental changes.

MATERIALS AND METHODS
=====================

Construction of his-tagged protein for ChIP analysis
----------------------------------------------------

*Pseudomonas aeruginosa* wild-type strain PAO1 was used in this study and modified as follows to construct a strain with an extrachromosomal encoded hexahistidine-tagged OxyR protein. First, a DNA fragment containing the entire coding region of the *oxyR* gene (PA5344) was amplified and ligated to the NdeI--HindIII site of pET24a (Novagen) to generate pET24-5344. The encoded protein contains a carboxyl-terminal His-tag sequence, KLAAALEHHHHHH, allowing Ni^2+^ ion affinity purification for the downstream protein analysis work, such as EMSA. Second, the entire coding sequence together with the C-terminal His-tag was amplified and ligated into the low-copy-number, broad-host-range shuttle vector, pUCP20, under the control of the *lac* promoter of the vector ([@gks017-B25]). Then we transformed the recombinant construct into *P. aeruginosa* PAO1 wild-type via electroporation. The resultant strain was designated PAO1/pUCP5344. All of the plasmids used in this study were verified by Sanger sequence analysis.

ChIP
----

ChIP was based on a previously described procedure ([@gks017-B26]). Briefly, bacteria were grown in Luria-Bertani (L.B.) broth until early stationary phase (OD~600~ = 2.0) and 1 mM H~2~O~2~ was added to treat the cultures for 10 min. Formaldehyde was then added to a final concentration of 1%. After incubation for 20 min at room temperature, glycine was added to a final concentration of 0.5 M. Cells were harvested by centrifugation, washed twice in ice-cold Tris-buffered saline (TBS, pH 7.6) and resuspended in 500 µl of lysis buffer \[10 mM Tris--HCl, pH 8.0, 20% sucrose, 50 mM NaCl, 10 mM ethylenediaminetetraacetic acid (EDTA)\]. Lysozyme (2.5 mg) was added and the cells were incubated for 30 min at 37°C. The DNA was sheared to an average size of 100--1000 bp by a series of pulsed sonication steps (Branson Sonicator S250 Analogue, 5 mm Standard tip, six times 60 s at 90% duty on Level 4). Insoluble material was removed by centrifugation at 13 000*g* for 10 min and 850 µl of the cell extract supernatant from His-tagged or non-His-tagged control bacterial strain were mixed with 750 µl of immunoprecipitation (IP) buffer \[50 mM HEPES-KOH, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% (v/v) Triton X-100, 0.1% (m/v) sodium deoxycholate\] and phenylmethanesulfonyl fluoride (PMSF, final concentration 1 mM) and incubated with 20 µl of protein G-Sepharose beads (Sigma) for 1 h at room temperature with gentle mixing. After removal of the Sepharose beads by gentle centrifugation, proteins were immunoprecipitated by adding 20 µl of protein G-Sepharose beads (Sigma) coupled to mouse anti-His monoclonal antibody (Novagen). The composite was incubated overnight at 4°C with gentle mixing. Samples were then washed twice with IP buffer, once with IP buffer containing 500 mM NaCl, once with washing buffer \[10 mM Tris--HCl, pH 8.0, 250 mM LiCl, 1 mM EDTA, 0.5% (v/v) Nonidet-P40, 0.5% (m/v) sodium deoxycholate\] and once with TE buffer (10 mM Tris--HCl, 1 mM EDTA, pH 7.5). Immunoprecipitated complexes were eluted by incubation of the beads with elution buffer \[50 mM Tris--HCl, pH 7.5, 10 mM EDTA, 1% (m/v) sodium dodecyl sulfate (SDS)\] at 65°C for 10 min. Forty microliters of the immunoprecipitated samples were de-cross-linked by the addition of 32 µg Pronase and incubation for 2 h at 42°C and for 6 h at 65°C. DNA was purified using polymerase chain reaction (PCR) Purification kit (Qiagen, Germany). All ChIPs were performed in duplicate.

Western blot
------------

Fifteen microliters of cell extract was used for native SDS--polyacrylamide gel electrophoresis (PAGE). Briefly, equal amounts of sample loading buffer without the reducing agent mercaptoethanol was mixed with the cell extract from sonicated samples and incubated at 37°C for 15 min. The mixture was run on a lab-cast gel, transferred onto polyvinylidene fluoride (PVDF) membrane and analyzed by western blot using monoclonal anti-His antibody (Promega). Western blot was developed with Goat anti-mouse IgG/IgM peroxidise-linked antibody (Dianova) and Lumilight system (Roche) and photographed with the Fujifilm system (Fujifilm Image Reader 2.5).

Amplification of DNA
--------------------

The precipitated DNA was amplified and used as probe in the *P. aeruginosa* genome tiling array. The amplification was based on previously described Affymetrix protocols (<http://www.biotechniques.com/article.asp?id=112343>). Briefly, DNA was incubated with dNTPs, sequenase (USB, Cleveland, USA) and random primer (GTTTCCCAGTCACGGTC(N)~9~) at 37°C, followed by inactivation of the sequenase at 95°C. This procedure was repeated three times. After DNA purification with PCR Purification kit (Qiagen), DNA was PCR amplified using the corresponding GTTTCCCAGTCACGGTC primer and a dNTP/dUTP mix (10 mM dATP, 10 mM dCTP, 10 mM dGTP, 8 mM dTTP and 2 mM dUTP). DNA was purified using PCR Purification kit (Qiagen).

Microarray analysis
-------------------

Approximately 7.5 µg of amplified DNA from the control immunoprecipitation and the DNA-binding proteins (DBP) immunoprecipitations (IPs) were fragmented (to a size of 50--500 bp) and labeled using the GeneChip WT double-stranded DNA terminal labeling kit (Affymetrix, Santa Clara, USA) according to the instructions of the manufacturer. The biotin-labeled DNA was hybridized to an Affymetrix *P. aeruginosa* genome chip as described previously ([@gks017-B27]). Enrichment of hybridization signals was calculated with the Tiling Analysis Software (TAS, Affymetrix) from two independent DBP IPs compared to two independent control IPs (bandwidth parameter was set to 150 bp). For each gene (PAO1 annotation taken from [www.pseudomonas.com](www.pseudomonas.com)), the promoter region was defined as the sequence from −350 to −1 bp with respect to the ATG start codon, excluding overlap to upstream coding regions. Promoter enrichment was defined as the maximum enrichment found within the promoter region.

Identification of consensus sequence for OxyR binding
-----------------------------------------------------

Promoter regions were scanned with the web-based programs CONSENSUS and PATSER available at <http://rsat.ulb.ac.be/rsat/> to detect DBP consensus sequences. Sequence logos were created with WebLogo (<http://weblogo.berkeley.edu/>). The detection of consensus sequences by PATSER was limited to a weight score of 6.0. The global representations of the defined consensus sequence were identified by Virtual Footprint (<http://www.prodoric.de/vfp/vfp_regulon.php>) for the entire genome of *P. aeruginosa* PAO1.

Protein expression and purification
-----------------------------------

The recombinant expression vector pET24a-5344 (for OxyR), pET24a-0849 (for TrxB2) and pET24a-5240 (for TrxA) was introduced into *E. coli* BL21(DE3), respectively. Transformants were grown and induced with 0.1 mM isopropyl-β-[d]{.smallcaps}-thiogalactopyranoside (IPTG) for 12 h at 28°C. The harvested cells were resuspended in TGE buffer \[50 mM Tris--HCl (pH 7.5), 10% glycerol, 1 mM EDTA and 10 mM imidazole\] and disrupted by pulsed sonication. The clear lysate was centrifuged at 12 000*g* for 15 min, and the clear supernatant was loaded onto and purified with Hi-Trap FF column (GE Healthcare) integrated by AKTA™ FPLC system (GE Healthcare). The proteins were eluted using TGE buffer containing 250 mM imidazole. The purity of the His-tagged protein was verified as \>95% homogeneity after 10% SDS--PAGE (Invitrogen). The purified proteins were dialyzed against 50 mM Tris--HCl (pH 7.5), 50 mM NaCl and 5% glycerol. Protein concentration was determined using a NanoDrop 1000 spectrophotometer (Thermo Scientific).

Electrophoretic mobility shift assay
------------------------------------

EMSA experiments were performed as described previously with minor modifications ([@gks017-B28]). DNA fragments generated by PCR amplification using *P. aeruginosa* PAO1 genomic DNA were 5′-end labeled with \[γ-^32^P\]-ATP by T4 polynucleotide kinase. Primers used for amplification are listed in [Supplementary Table S4](http://nar.oxfordjournals.org/cgi/content/full/gks017/DC1). Separation of OxyR--DNA complexes from free DNA was performed on 6% polyacrylamide gels. All binding reactions were performed at 30°C for 20 min in OxyR binding buffer \[40 mM bis--Tris borate (pH 7.5), 80 mM KCl, 10 mM MgCl~2~, 2 mM EDTA, 50 μg/ml BSA, 10% glycerol, 25 μg/ml sonicated herring sperm DNA\]. The protein--DNA migration was carried out for 3 h at 8 V/cm in TEB buffer (89 mM Tris--HCl, 89 mM boric acid, 0.25 mM EDTA). Apparent dissociation equilibrium constants (*K*~D~) were determined by densitometry of the free DNA bands on the autoradiograph as a function of the protein concentration and are the average value of at least two independent assays.

Quantitative real-time PCR
--------------------------

Bacteria were harvested during the stationary phase and RNA was extracted using the RNeasy Midi Kit (Qiagen). The purity and concentration of the RNA were determined by gel electrophoresis and spectrophotometry (NanoDrop, Thermo Scientific). First-strand cDNA was reverse transcribed from 1 µg of total RNA with the First-strand cDNA Synthesis Kit (Amersham Biosciences, GE Healthcare). Quantitative real-time PCR (qRT-PCR) was performed in a Bio-Rad iCycler with Bio-Rad iQ SYBR Green Supermix. For all primer sets ([Supplementary Table S4](http://nar.oxfordjournals.org/cgi/content/full/gks017/DC1)), the following cycling parameters were used: 94°C for 3 min followed by 40 cycles of 94°C for 60 s, 55°C for 45 s and 72°C for 60 s, followed by 72°C for 7 min. *oprI* (house-keeping gene control, outer membrane lipoprotein precursor) was used to normalize gene expression ([@gks017-B29]). Amplification products were electrophoresed on 0.8% agarose gels. For statistical analysis of relative gene expression, the 2^−ΔΔCT^ method was used ([@gks017-B30]).

RESULTS
=======

Genome-wide mapping of OxyR-binding regions
-------------------------------------------

To identify all target genes of OxyR, we applied the established ChIP-chip approach (see [Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gks017/DC1) in [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gks017/DC1)) to the H~2~O~2~-treated and *in trans oxyR*-transformed *P. aeruginosa* PAO1 bacteria. A comprehensive data set was obtained and is shown in [Figure 1](#gks017-F1){ref-type="fig"}, [Table 1](#gks017-T1){ref-type="table"} and [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks017/DC1), respectively. As many as 122 genomic regions showed an enrichment of more than 0.5 (log2-fold) and among these regions, 56 were enriched by at least 0.7 (log2 fold) (*P* \< 0.05). For 30 of these regions (enrichment \>0.5), the binding region is located between two divergently transcribed genes, which therefore might be both controlled by OxyR. Our results show that OxyR binds mainly to intergenic regions, a trait that is a hallmark of transcriptional regulators. However, in the instances of neighboring genes with short intergenic regions, the binding site lies within the coding regions, as in the case of *recG*. Additionally, nine regions between convergently transcribed genes were excluded from the present analysis of the OxyR regulon in accordance with our focus on promoter regions. In total, using an enrichment threshold of 0.5 (log2 fold), 195 genes were identified; when the enrichment was set up to 0.7 or 1 (log2 fold), the number of potential affected targets was reduced to 86 and 41, respectively. Figure 1.Distribution of OxyR binding sites across the *P. aeruginosa* genome. (**A**) An overview of results from ChIP-chip experiments that measure the binding profiles of OxyR throughout the *P. aeruginosa* PAO1 chromosome during stationary growth phase in contact with 1 mM H~2~O~2~ for 10 min. Binding intensities (*y*-axis, log2 ratio) are plotted against their corresponding genomic locations on the chromosome (*x*-axis). The dashed threshold line of 1.6 (=2^0.7^) is labeled. A complete list of all the targets can be seen from [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks017/DC1). Some selected regions were also labeled in the graph. (**B**) The figure shows the known binding regions of OxyR in *P. aeruginosa*, PA0139 (*ahpC*), PA0848 (*ahpB*) and PA4236 (*katA*). (**C**) The figure displays OxyR binding to the previously identified potential OxyR targets in *P. aeruginosa*, PA0962 (*dps*). (**D**) The figure displays OxyR binding to some of the newly identified OxyR targets in *P. aeruginosa*, PA0717-0719 (*pf4* bacteriophage genes), PA1423 (*bdlA*), PA3032 (*snr1*) and PA4268 (*rpsL*)*.* Only partial results are listed here and all data can be found in [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks017/DC1). Data shown in all panels are average values from replicates (*P* \< 0.05). *y*-axis of (B), (C) and (D) shows log2 ratio number of binding intensities. Table 1.Whole-genome location analysis of oxidative stress sensor OxyR in *Pseudomonas aeruginosa* (cutoff \>1.0)PA no.[^a^](#gks017-TF1){ref-type="table-fn"}Gene[^a^](#gks017-TF1){ref-type="table-fn"}ChIP-chipBinding motifGene product[^a^](#gks017-TF1){ref-type="table-fn"}Max. Enrich.Distance to ATGGenes affected[^a^](#gks017-TF1){ref-type="table-fn"}Conserved motif[^b^](#gks017-TF2){ref-type="table-fn"}Distance to ATG[^b^](#gks017-TF2){ref-type="table-fn"}PMW score[^b^](#gks017-TF2){ref-type="table-fn"}PA0139*ahpC*1.721711ATAGATTTAGATAAT1017.71Alkyl hydroperoxide reductase subunit CPA0140*ahpF*1.721271Alkyl hydroperoxide reductase subunit FPA4236*katA*1.612602ATTGATCTCGCTTAT1167.35CatalasePA5345*recG*1.597381ATP-dependent DNA helicase RecGPA0962*dps*1.021071ATAGGGAGAATCTAT1077.66Probable DNA-binding stress proteinPA21461.042871ATCTTTGAACCCTAT1537.02Conserved hypothetical proteinPA20501.272022AAAAAGAATATTAAT1716.26Probable ECF sigma-factorPA2054*cynR*1.07131ATTGGTCTGGTCTAT157.36Transcriptional regulatorPA31351.22-12AAGTGTAGCGCCTAT316.09Probable transcriptional regulatorPA07171.233063ATAGAGCAAGACTAT3527.59Hypothetical protein of bacteriophage Pf1PA4406.11.271sRNAPA0195*pntAA*1.172891ATTAAAAACATTAAT3546.81Putative NAD(P) transhydrogenase. subunit alpha part 1PA0903*alaS*1.421061ATAGTTATTGCCTAT927.77Alanyl-tRNA synthetasePA0963*aspS*1.023042ATAGGGAGAATCTAT3197.66Aspartyl-tRNA synthetasePA10541.482716ATAGATTGCGATAAT1387.45Probable NADH dehydrogenasePA15411.203082ATCGATTGGCTTTTT2376.36Probable drug efflux transporterPA2053*cynT*1.071022ATTGGTCTGGTCTAT867.36Carbonate dehydratasePA3032*snr1*1.342822ATAGACTCAGGCTAT2017.53Cytochrome *c* Snr1PA31361.22712AAGTGTAGCGCCTAT256.09Probable secretion proteinPA4268*rpsL*1.23761ATAGCTCCACTGATT36.1730S ribosomal protein S12PA4406*lpxC*1.271231ACTGTTTTCAACAAT306.50UDP-3-O-acyl-*N*-acetylglucosamine deacetylasePA52911.361031ATCGTGATAGCTAAT647.12Probable choline transporterPA09381.27161ATCATCGGTAGTTAT966.67Hypothetical proteinPA20441.251011ATTGATAAAACCTAT957.84Hypothetical proteinPA21451.0481ATAGACCCATTCAAT387.23Hypothetical proteinPA25951.1381Conserved hypothetical protein[^1][^2]

As shown in [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks017/DC1), the target genes are organized into three categories: (i) category I (seven genes) comprises the genes previously identified as being directly OxyR-regulated; (ii) category II (nine genes) corresponds to genes expected to respond to OxyR based on observations made in other bacteria; and (iii) category III contains 106 newly identified targets, which were tentatively subdivided into the six following groups: oxidative stress related, transcriptional regulators, virulence-related, non-coding RNAs, metabolism-related and genes encoding hypothetical or conserved proteins. As developed below, representative genes from each category were confirmed to be direct targets of the regulator by *in vitro* binding. The functional classification of these identified direct targets is shown in [Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gks017/DC1) according to the Pseudomonas Genome Database ([www.pseudomonas.com](www.pseudomonas.com)) ([@gks017-B31]).

Extension of the OxyR regulon
-----------------------------

Our ChIP-chip analyses identified an additional 115 OxyR target genes (enrichment \>0.5) that were not known to belong to the OxyR regulon ([Table 1](#gks017-T1){ref-type="table"} and [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks017/DC1)). Among those are several genes that are required for oxidative stress response such as *dps*, *trxA* and PA3450 (a probable antioxidant protein) and many transcriptional regulators including *himA*, *pvdS*, *rsaL* and *mvfR* (*pqsR*), which are involved in QS regulation and iron homeostasis in *P. aeruginosa* ([@gks017-B32; @gks017-B33; @gks017-B34]). The association of OxyR with virulence factors encoding genes including *aprA*, *bdlA*, *pvdS* and *ppx* constitutes a new insight given that some of them are additionally controlled through QS regulatory pathways ([@gks017-B35]). These findings can also provide insights into the multiple phenotypes observed for an *oxyR* mutant, including the overproduction of pyocyanin ([@gks017-B17]) and the reduced virulence in animal models ([@gks017-B14]).

In addition, OxyR was shown to bind to the promoter regions of genes implicated in various metabolic processes such as small molecule transport \[PA0185 (putative nitrate ABC transporter), PA0186 (nitrate transport, periplasmic component), PA1541 (predicted drug efflux protein) and PA5291 (choline--betaine transporter)\], protein synthesis \[PA0584 (*cca*, tRNA nucleotidyl transferase), PA0903 (*alsS*, alanyl-tRNA synthetase), PA0963 (*aspS*, aspartyl-tRNA synthetase) and PA4268 (*rpsL*, ribosomal protein S12)\], aerobic/anaerobic respiration PA1317 (*cyoA*, cytochrome o ubiquinol oxidase) and PA3032 (*snr1*, cytochrome *c*) and secretion \[PA3136 (HlyD family secretion protein)\]. Other OxyR targets include a large number of genes involved in energy metabolism as well as hypothetical genes. Surprisingly, as many as six non-coding RNA genes were found to be associated with OxyR under oxidative stress, implying the existence of possible indirect post-transcriptional control by OxyR.

Another interesting and unexpected finding is the binding of OxyR to the promoter region of the bacteriophage Pf1 operon (PA0717, recently designated as Pf4), which was previously found to be highly expressed in *P. aeruginosa* biofilms as compared to planktonic cultures ([@gks017-B36]) and was also implicated in virulence, biofilm structural integrity and phenotypic variant formation ([@gks017-B37]). The appearance of variants has been linked to the increased adaptability of the stressed bacterial population ([@gks017-B38]).

Likewise, OxyR was found to bind to the promoter region of one biofilm dispersion locus (*bdlA*, PA1423), which further links the biofilm formation to OxyR-mediated regulation in *P. aeruginosa* ([@gks017-B39]). We can postulate that, under oxidative stress conditions, OxyR will probably promote the dispersion of biofilm bacteria under stress. Evidence supporting this notion is that the *oxyR* mutant of *P. aeruginosa* demonstrated decreased swarming motility ([@gks017-B17]), as also observed in another Gram-negative pathogen *Serratia marcescens* ([@gks017-B40]).

Another intriguing finding is the direct binding of OxyR to the promoter region of the 30S ribosomal protein S12 (encoded by *rpsL*, PA4268). Protein synthesis has been shown to be inhibited in response to oxidative stress and treatment with aminoglycosides in *P. aeruginosa* ([@gks017-B24],[@gks017-B41]) and to be reprogrammed in lower eukaryotes such as *Saccharomyces cerevisiae* ([@gks017-B42],[@gks017-B43]). It is therefore tempting to hypothesize that OxyR-mediated inhibition of protein synthesis or ribosome reprogramming is another fundamental adaptive circuit breaker to oxidative stress.

It is also noteworthy that OxyR binds to the promoter region of a cell wall synthesis gene, which is involved in the second step of lipid A biosynthesis in *P. aeruginosa* (*lpxC*, PA4406) ([@gks017-B44]). The mechanisms implicated in this process mediated by OxyR could result in structural changes or increased outer membrane thickness to withstand the oxidative stress elicited by H~2~O~2~.

Additionally, the implication of OxyR has been shown for the first time in (i) the regulation of the extracytoplasmic (ECF) sigma factor gene, *pvdS*, which further connects iron homeostasis with oxidative stress as already described in other microorganisms; (ii) the regulation of cytochrome *c* genes (*cyoA* and *snr1*); and (iii) the regulation of small molecule transport genes (PA5291 and PA2145).

Validation of ChIP-chip results
-------------------------------

To validate the ChIP-chip data, 18 promoter regions of OxyR target genes were tested for *in vitro* binding of purified his~6~-tagged *P. aeruginosa* OxyR protein by EMSA. The known *P. aeruginosa* OxyR-regulated *ahpC* gene was included as a positive control ([Figure 1](#gks017-F1){ref-type="fig"}B and [Supplementary Figure S3A](http://nar.oxfordjournals.org/cgi/content/full/gks017/DC1)) and *fur*, which is controlled by OxyR in *E. coli* but not in *P. aeruginosa*, was used as a negative control ([@gks017-B8],[@gks017-B45]). Out of the 18 tested potential targets, 13 showed clearly retarded migration after incubation with the purified oxidized OxyR protein, while no binding was detected to the five remaining targets (*mvfR*, *himA*, *oxyR*, *radC* and *recG*) ([Figure 2](#gks017-F2){ref-type="fig"} and [Supplementary Figure S3B](http://nar.oxfordjournals.org/cgi/content/full/gks017/DC1)). The absence of binding can be due to the requirement of thus-far unappreciated factors to aid the OxyR--DNA interaction or to the difference between *in vivo* and *in vitro* conditions or to the existence of different active forms of OxyR besides the oxidized form ([@gks017-B46]). Almost all of the OxyR-bound targets harbor the conserved motif identified in this study (see subsequent section) while the non-binding targets do not contain this motif in their promoter regions ([Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gks017/DC1)). There are, however, exceptions such as *rsaL* and PA4406.1 (sRNA), which bind to OxyR but do not contain a consensus motif based on our position weight matrix (PWM) prediction, indicating a possible degenerative mechanism for OxyR binding. However, a manual search for motif-like sequence identified two possible motifs for both of them, which were not identified by Virtual Footprint analysis ([Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gks017/DC1)). Figure 2.Validation of binding of OxyR to selected target regions by EMSA. The promoter regions were chosen randomly and EMSA analyses are described in 'Materials and Methods' section. OxyR was purified in air conditions and used in the following concentration (from left to right) (nM): 0, 84, 168, 336, 504, 840 and 1680. Protein--DNA complex (C) and free DNA (F) are indicated. Promoter regions with positive binding results are shown in black while regions with negative results are highlighted in grey. Promoter region of *fur* was used as a negative control. [Supplementary results](http://nar.oxfordjournals.org/cgi/content/full/gks017/DC1) using the positive control (*ahpC*) are shown in [Supplementary Figure S3A](http://nar.oxfordjournals.org/cgi/content/full/gks017/DC1).

We further investigated the gene expression of OxyR-dependent targets by qRT-PCR. As shown in [Figure 3](#gks017-F3){ref-type="fig"}, genes that for the first time were identified in this study as belonging to the OxyR regulon, such as *dps*, *pvdS* and *trxB2* clearly demonstrated an OxyR-dependent activation when the cells were exposed to H~2~O~2~ (1 mM). Interestingly, disruption of *oxyR* abrogates the induction of those genes when exposed to oxidative stress. The positive control *aphC* also responded to oxidized OxyR, in agreement with previous work ([@gks017-B12]). Figure 3.RT-PCR validation of OxyR-dependent gene expression. (Top left) *ahpC*, (Top right) *dps*, (Bottom left) *pvdS* and (Bottom right) *trxB2*. *ahpC* was selected as a positive control of OxyR-dependent activation after exposure to H~2~O~2~ ([@gks017-B23],[@gks017-B24]). All the data were obtained from at least two independent experiments with at least three replicates. Error bar indicates SD. \**P* \< 0.05 by Student\'s *t*-test.

Features of OxyR binding
------------------------

In order to correlate our results with previous findings in terms of transcriptional regulation and to identify the regulation pattern of OxyR in *P. aeruginosa*, we examined the data from previous whole-genome transcriptional analyses performed under oxidative stress conditions similar to our ChIP-chip analysis ([@gks017-B23],[@gks017-B24]). All differentially regulated genes in both transcriptional analyses were compared with the output of our ChIP-chip analysis and 56 out of the identified 122 genes were found to be differentially expressed in oxidized conditions in *P. aeruginosa* ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks017/DC1)). The discrepancy between our ChIP-chip and the transcriptional analyses can be explained by (i) a methodological difference between ChIP-chip and microarray analysis---the former measures the direct binding of the transcriptional activator to the DNA, while the latter reveals differences in gene expression which may be affected by secondary and tertiary effects and (ii) the presence of other transcriptional regulator(s) or co-factor(s), which cooperate with OxyR to activate or repress the target genes in a non-degenerative way and remain elusive. Interestingly, further classification of all differentially expressed genes (56 genes) according to their respective functions indicates that expression of those involved in adaptation and protection is promoted, whereas genes implicated in energy metabolism including transcription and translation are repressed during oxidative stress ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gks017/DC1)).

Putative DNA binding sites of OxyR in *E. coli* were predicted by computational analyses using the identified OxyR-binding site sequences as a model ([@gks017-B10],[@gks017-B11]) and are shown in [Supplementary Figure S5A](http://nar.oxfordjournals.org/cgi/content/full/gks017/DC1). Furthermore, the alignment of previously identified OxyR-regulated promoters from *P. aeruginasa* had revealed four putative OxyR-binding tetranucleotide sequences (ATAG) spaced by heptanucleotides ([@gks017-B12]). However, a more accurate determination of the DNA-binding motif of OxyR based on a genome-wide analysis has not been performed*.* In particular, the identified conserved motif for OxyR displays a dyad-symmetry pattern. Therefore, we aimed at detecting the half unit of this OxyR motif in *P. aeruginosa.* Toward this end, three different groups of promoter regions were used. The first, second and third groups comprise promoter regions with enrichment cutoff larger than 1.0, 0.7 and 0.5, respectively. Selected promoter regions were scanned with the web-based programs CONSENSUS and PATSER and sequence logos were created with WebLogo (see 'Materials and Methods' section). [Figure 4](#gks017-F4){ref-type="fig"} displays the OxyR consensus sequence determined with selected promoters from the three groups of promoter regions. It is noteworthy that a palindrome-like sequence (ATAGATTNAATCTAT) with relatively low sequence conservation is present in all three DNA consensus sequences. In particular, the ATAG tetranucleotide typical of OxyR-binding motif in *E. coli* and *P. aeruginosa* from previous studies was confirmed by our analysis. Additionally, the T(N)~11~A motif typical of LTTRs was also identified ([@gks017-B10]) ([Supplementary Figure S5B](http://nar.oxfordjournals.org/cgi/content/full/gks017/DC1)). It is also noteworthy that the OxyR-binding motif is extremely A+T rich. Figure 4.Determination of the OxyR consensus sequence. (**A**) The calculated OxyR consensus sequence in *P. aeruginosa* using ChIP-chip data with enrichment value above 1.0 (Log2 ratio). (**B**) The calculated OxyR consensus sequence using ChIP-chip data with enrichment value above 0.7 (Log2 ratio). (**C**) The calculated OxyR consensus sequence using ChIP-chip data with enrichment value above 0.5 (Log2 ratio). All logos were created using WebLogo ([@gks017-B12]).

A pattern-based search within the promoter regions was performed by Virtual Footprint (see 'Materials and Methods' section) for the entire genome of *P. aeruginosa* PAO1 with the consensus sequence shown in [Figure 4](#gks017-F4){ref-type="fig"}A. Eighty-eight out of the ChIPchip identified 122 genes (72.13%, cutoff \> 0.5, Log2 ratio) or 42 out of 57 genes (73.68%, cutoff \> 0.7, Log2 ratio) were identified as having a consensus motif-like sequence in the corresponding promoter region ([Table 1](#gks017-T1){ref-type="table"} and [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks017/DC1)). This strongly supports the hypothesis that OxyR binds essentially around the proposed consensus sequence to activate or repress the transcription of target genes.

To determine whether OxyR binding is conserved in bacteria other than *E. coli* and *P. aeruginosa*, we used our created PWM based on [Figure 4](#gks017-F4){ref-type="fig"}A to search the genomes of other bacteria containing an *oxyR* homolog for putative OxyR-binding sites. Due to the high degeneracy of the proposed OxyR motif, most of the false positives in the original search results could not be excluded. Therefore, only those genes that are involved in oxidative stress as well as targets homologous to those identified in our study were retained. Concurrently, those targets were used to generate new species-specific motifs. The results of this search are summarized in [Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gks017/DC1) and [Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gks017/DC1). It is evident that the OxyR-binding motif differs slightly in the 13 different bacteria analyzed. The strongest conservation is found for the nucleotides A1, A3, C12, A14 and T15, respectively. We conclude that these residues may play a major role in the interaction with oxidized OxyR. In addition, it is also noteworthy that genes encoding antioxidant enzymes, such as alkyl hydroperoxide reductases and/or catalases, were found to be a common target of OxyR in all examined bacterial genomes (14 hits out of 14 species analyzed). Intriguingly, cellular thiol-reducing systems including thioredoxin (Trx) and/or glutaredoxin (Grx), were also identified as a common target (11 hits out of 14 species analyzed), suggesting a general auto-reduction mechanism for OxyR.

Thioredoxin-mediated enzymatic regulation of OxyR
-------------------------------------------------

One of the most interesting findings from this study is that *P. aeruginosa* OxyR binds to the promoter region of a cellular disulfide reducing component, the thioredoxin (encoded by *trxA*, PA5240) as well as one gene involved in NAD(P)/NAD(P)H metabolism (PA0195, *pntAA*) ([Figure 5](#gks017-F5){ref-type="fig"}A). This suggests a potential auto-regulatory mechanism for OxyR reduction whereby OxyR is deactivated through enzymatic disulfide bond reduction by thioredoxin (TrxA) in combination with a thioredoxin reductase at the expense of NADPH. Toward this end, we also discovered that one of the two thioredoxin reductase-encoding genes, *trxB2* (PA0849), is found immediately downstream of *ahpB* (PA0848) that has been identified as a direct target of OxyR in *P. aeruginosa* ([Figure 1](#gks017-F1){ref-type="fig"}B). Indeed, under oxidative stress conditions we could observe an OxyR-dependent activation of *trxB2* ([Figure 3](#gks017-F3){ref-type="fig"} Top left), suggesting the auto-regulatory recruitment of thioredoxin reductase by OxyR for its subsequent reduction. In addition, we detected a negative regulation of OxyR for the expression of *pntAA* under oxidative stress condition ([Figure 5](#gks017-F5){ref-type="fig"}B). The reduction of OxyR in *P. aeruginosa* was first observed *in vivo* where the H~2~O~2~-activated OxyR dimer (active and oxidized form) completely disappeared after 30 min incubation, leaving only the inactive reduced OxyR monomeric form further confirmed by the OxyR-dependent activation of *ahpC* after H~2~O~2~ contact ([Figure 5](#gks017-F5){ref-type="fig"}C and D). This reaction time is consistent with that of OxyR in *E. coli* during reduction by glutaredoxin in the presence of glutathione, which constitutes another major thiol-reducing system in bacteria ([@gks017-B1]). Figure 5.TrxA/TrxB2 thioredoxin system mediates OxyR reduction*.* (**A**) The figure shows the confirmed binding of OxyR to the indicated regions involved in thioredoxin production \[PA5240 (*trxA*)\] and in NAD(P)/NAD(P)H metabolism \[PA0195 (*pntAA*)\] in *P. aeruginosa*. (**B**) OxyR-dependent repression of *pntAA*. The expression of *pntAA* in the presence of OxyR is not induced by exposure to H~2~O~2~ while the disruption of *oxyR* leads to a great increase in the gene expression, suggesting that OxyR works as a repressor of *pntAA*. All the data were obtained from at least two independent experiments with at least three replicates. Error bar indicates SD. \**P* \< 0.05 by Student\'s *t*-test. (**C**) OxyR-dependent attenuation of *ahpC* activation after 60 min contact with H~2~O~2~. Relative gene expression of *ahpC* was determined as described in the 'Materials and Methods' section. The relative expression (*y*-axis) is defined as the ratio of relative expression of *ahpC* at time 10, 20, 30 and 60, respectively, to that of time 0 (untreated). (**D**) Time-dependent reduction of OxyR. Western blot analysis (see 'Materials and Methods' section) of cell lysates extracted from formaldehyde-treated cells at 10, 20 and 30 min after exposure to H~2~O~2~, respectively showed that 30 min after treatment with 1 mM H~2~O~2~ there is a time-dependent reduction of the number of OxyR dimers (upper band) while monomers accumulate (lower band). (**E**) EMSA confirmation of OxyR reduction by a thioredoxin system. Samples of purified *P. aeruginosa* OxyR (0.1 μM) were incubated with 10 μM thioredoxin (TrxA), 10 μM thioredoxin reductase (TrxB2) and 0.5 mM NADPH or NADH for 30 min at 30°C. A mixture missing either NADPH, TrxB2 or TrxA was used as a control to confirm the reduction effect of the TrxA/TrxB2 system. A mixture missing OxyR was used as a control to confirm the absence of binding of the thioredoxins on DNA. OxyR was also incubated with TrxA to show whether trace amount of reduced form of TrxA could reduce oxidized OxyR, which turned out to be negative, confirming the need for TrxA, TrxB2 and NAD(P)H. 0.1 M DTT was also used as a positive control to show the effect of reducing OxyR, causing an inability of the protein to bind the target DNA.NADPH and NADH were purchased from Sigma. Results shown are representative of six independent experiments.

To further test our hypothesis that a thioredoxin system could catalyze the OxyR deactivation in *P. aeruginosa*, we overproduced and purified the TrxA and TrxB2 proteins to electrophoretic homogeneity. When air-oxidized OxyR was incubated together with TrxA and TrxB2 in the presence of NAD(P)H for different times, we observed a rapid decrease of the binding of OxyR to the *ahpC* promoter region, although to a lower extent compared to the effect of DTT treatment ([Figure 5](#gks017-F5){ref-type="fig"}E).

The mechanism of OxyR reduction in *P. aeruginosa* appears therefore to involve thioredoxins, whereas in *E. coli* both glutaredoxin and thioredoxin play an important role in enzymatic deactivation of OxyR ([@gks017-B1]). Furthermore, it was found that *E. coli* OxyR binds to the promoter region of one of the two thioredoxin-encoding genes, *trxC* ([@gks017-B47]). At this stage, we cannot exclude the participation of a glutaredoxin in the reduction of oxidized *P. aeruginosa* OxyR.

DISCUSSION
==========

The ability of bacteria to alter gene expression patterns in response to environmental stresses is critical for their survival. The central transcriptional regulator of the oxidative stress response in many Gram-negative bacteria is OxyR, which, upon induction by H~2~O~2~, undergoes a conformational change allowing oxidized OxyR to acquire DNA-binding capacity and to activate the transcription of a battery of antioxidant genes including those encoding catalases, glutathione reductase and alkyl hydroperoxide reductases ([@gks017-B2; @gks017-B3; @gks017-B4]). The extensive studies of OxyR-mediated oxidative response in *E. coli* have greatly broadened our understanding of mechanisms of transcriptional regulation of OxyR and extended the OxyR regulon beyond the genes encoding antioxidants ([@gks017-B1],[@gks017-B6],[@gks017-B8]). In the human opportunistic pathogen *P. aeruginosa*, OxyR is known to activate the expression of the *katA*, *katB*, *ahpB* and *ahpCF* genes to counteract the oxidative damages caused by H~2~O~2~ ([@gks017-B12],[@gks017-B13]). After exposure to H~2~O~2~, the expression of a large number of genes was found to be altered, including an up-regulation of protection mechanisms and a down-regulation of primary metabolism genes ([@gks017-B23],[@gks017-B24]).

Extension and evolution of the *P. aeruginosa* OxyR regulon
-----------------------------------------------------------

In this study, we developed a ChIP-chip method to identify all the binding sites for OxyR in *P*. *aeruginosa*. Through this chromosome-wide DNA-binding profiling analysis, we identified for the first time the direct targets of OxyR *in vivo* under oxidative stress. A large number of targets (∼122) were identified and all of the previously known targets were confirmed, indicating the robustness and accuracy of this genome-wide approach. The results presented in this study revealed that under oxidative conditions, OxyR is activated to directly bind to the promoter regions of previously identified antioxidant genes (OxyR core regulon) as well as an unexpected high number of other previously unknown target genes (OxyR variable regulon), revealing other unsuspected and unidentified features of the global OxyR-mediated stress response in *P. aeruginosa*. Functional classification of the newly identified target genes revealed that OxyR primarily binds to the control region of genes involved in adaptation and protection, DNA recombination and repair, non-coding RNA genes, transcriptional regulators and those encoding proteins for the transport of small molecules as well as a large number of hypothetical or putative genes. This finding greatly extends the OxyR regulon to areas beyond classical antioxidant genes. Specifically, some of the OxyR targets identified in this study that have been confirmed by *in vitro* binding include the following functional groups: (1) antioxidant genes (*katA*, *katB*, *ahpB* and *ahpCF*); (2) biofilm formation (*pf4* and *bdlA*); (3) QS (*rsaL*); (4) iron metabolism (*dps* and *pvdS*); (5) protein synthesis (*rpsL*); (6) aerobic/anaerobic respiration (*snr1*); (7) transport (PA1541); (8) cell wall synthesis (*lpxC*); (9) OxyR reduction (*trxA, trxB2*); and (10) other genes involved in regulation (sRNA, PA4406.1). Collectively, our data strongly support the notion that OxyR in *P. aeruginosa* possesses more regulatory functions than previously expected and behaves rather as a dramatically more versatile, global transcriptional regulator. In *E. coli*, it was shown that OxyR could bind to control regions of several genes including *dsbG*, encoding a periplasmic disulfide-bond chaperone-isomerase and *fhuF*, encoding a protein required for the reductive release of iron from the ferrichrome siderophore ([@gks017-B8]), strongly suggesting a versatile mode of action of OxyR also in this microorganism.

Our results further confirm and extend the composition of the OxyR core regulon of *P. aeruginosa*, which now includes genes coding for thiol-reducing systems in addition to the previously established antioxidant genes. Indeed, our computational analysis of OxyR-binding sites in different bacteria strongly suggests that two OxyR thiol-reducing systems exist based on either Trx or Grx. The variable regulon, also known as the species-specific regulon or accessory regulon, constitutes a variable set of genes that define the plasticity of the transcription factor binding sites. As a human pathogen, *P. aeruginosa* will ensure its efficient invasion and infection of the host and will otherwise constantly encounter oxidative stress and likely damage generated from phagocytic cells. In its defensive role, OxyR performs its detoxification function as well as other processes that may facilitate the proliferation and invasion. This study also generates an evolutionary perspective of gene regulation mediated by OxyR in different bacteria, indicating that pathogenic species invest energy not only in the regulation of detoxification but also in virulence. We also demonstrate an important overlap between oxidative stress response, QS, biofilm formation and iron metabolism ([@gks017-B45],[@gks017-B48; @gks017-B49; @gks017-B50]).

OxyR involvement in iron homeostasis, QS and other processes
------------------------------------------------------------

Of major interest is the undeniable link between oxidative stress and iron homeostasis since our study for the first time demonstrates that OxyR activates the expression of the *pvdS* gene which encodes an ECF sigma factor that is required for the expression of the pyoverdine siderophore biosynthesis genes ([@gks017-B34]). Interestingly, *pvdS* is also under the control of the Fur regulator, which means that its expression is repressed by Fur-Fe^2+^ and activated by OxyR ([@gks017-B34],[@gks017-B51]). In addition, in *E. coli* OxyR is known to activate the transcription of the *fur* gene encoding the ferric uptake regulator, firstly establishing a clear link with the control of iron homeostasis ([@gks017-B7],[@gks017-B52]). However, our study suggests that in *P. aeruginosa* OxyR does not directly control the expression of *fur*.

Very recently, we found that in both an *oxyR* mutant and an OxyR-overexpression strain, the production of the redox antibiotic pyocyanin increased even without the addition of H~2~O~2~, indicating the protective role of this phenazine compound in the oxidative response ([@gks017-B17]). Interestingly, we also found that OxyR could bind to the promoter region of *mvfR in vivo* under oxidative stress condition, although we did not confirm the direct binding of OxyR to this region in an *in vitro* binding assay (even though the *in silico* approach predicted an OxyR binding motif). MvfR together with its two cognate ligands, HHQ (4-hydroxy-2-heptyquinoline) and PQS (3,4-dihydroxy-2-heptyquinoline), forms a QS regulatory circuit that controls the production of PQS, pyocyanin, elastase and is required for full virulence of *P. aeruginosa* ([@gks017-B53]). Additionally, a LasR-based genome-wide location analysis also identified *mvfR* as a direct target of LasR ([@gks017-B22]), suggesting the dual control of *mvfR* by OxyR and LasR. Possibly, the binding of LasR to the promoter region of *mvfR* will facilitate the OxyR binding in an unknown way. In bacteria, including *P. aeruginosa*, it has been shown that the QS system(s) and oxidative stress response are linked ([@gks017-B49],[@gks017-B54]).

Another intriguing finding is the binding of OxyR to the control region of non-coding RNA genes in *P. aeruginosa*, raising the possibility of post-transcriptional regulation involving small regulatory RNAs (sRNA). In *E. coli*, *oxyS*, a small and abundant RNA that is induced by oxidative stress and controlled by OxyR, regulates numerous genes including those encoding the transcriptional regulators FhlA and RpoS ([@gks017-B55]). Although no homolog of this sRNA has been found in *P. aeruginosa*, its genome contains more than 29 non-coding sRNAs ([@gks017-B31]). Interestingly, one possible counterpart found in a recent study is PhrS sRNA, which has recently been demonstrated to be involved in post-transcriptional regulation of MvfR and thus potentiate the production of pyocyanin ([@gks017-B56]).

The multiple OxyR-dependent cellular processes suggest a multilayered defense against oxidative stress whereby the oxidized OxyR regulator binds to the promoter regions of the respective genes to (i) activate the expression of antioxidants to detoxify ROS (mainly H~2~O~2~); (ii) inhibit the primary metabolism including protein synthesis, and oxidative respiration to lower the production of ROS; (iii) decrease the expression of iron-uptake related proteins to minimize the occurrence of the Fe/Cu-dependent Fenton reaction; (iv) enhance the production of sulfur compounds to repair the damaged Fe-S cluster containing proteins including SoxR; (v) switch to a less motile lifestyle (biofilm) or microaerobiosis; and (vi) unknown ways involving the regulation of non-coding RNA genes (six were identified in this study). The combination of these data led us to formulate a hypothetical model, which is summarized in [Figure 6](#gks017-F6){ref-type="fig"}. Figure 6.Proposed model for OxyR-mediated oxidative stress responses in *P. aeruginosa*. In contact with H~2~O~2~, bacterial cells respond rapidly to the stress and alter the gene expression patterns to prevent the damages caused by H~2~O~2~. OxyR plays central roles in these processes by activating both core and variable regulons to detoxify and eliminate the toxic effect of H~2~O~2~. The activity of OxyR itself is controlled through reduction of the newly identified thioredoxin system TrxA/TrxB2. Green arrow means an activation effect; red arrow means an inhibition effect.

Regulation of OxyR activity by thioredoxin
------------------------------------------

Arguably, the most intriguing findings of this study is the discovery of a novel thioredoxin system in *P. aeruginosa* (TrxA/TrxB2) that can reduce oxidized OxyR in the presence of NAD(P)H and, the activation of this thioredoxin system by oxidized OxyR, indicative of a clear negative feedback and auto-regulatory loop of OxyR. When we searched various genomes for OxyR targets based on our PWM, we identified two types of cellular thiol-reducing systems either involving thioredoxin (Trx) and/or glutaredoxin (Grx) among the common OxyR targets (11 hits out of 14 species). The choice of the OxyR-reduction system is probably dependent on functional redundancy of each system in diverse bacteria. For example, in *P. aeruginosa*, at least four thioredoxins are found while only one glutaredoxin has been identified so far ([@gks017-B31]). In contrast, three glutaredoxins and only two thioredoxins were identified in *E. coli*, which uses glutaredoxin to reduce oxidized OxyR ([@gks017-B57]). Furthermore, it is worth noting that the oxidative stress response in *P. aeruginosa* is also coupled with the physiological status of pathways that generate NAD(P)H in an OxyR-dependent manner. In addition, the OxyR-mediated thioredoxin regulation could also contribute to the reduction of other oxidized proteins in addition to OxyR itself under oxidative stress, suggesting another level of protection featured by OxyR.

An evident conclusion from our data is that in *P. aeruginosa* the oxidative stress response directed by OxyR is not simply a process dedicated to detoxification performed by members of the core OxyR regulon, but also implicates a far more complex cellular response than previously envisioned. This complex stress response orchestrated by *P. aeruginosa* OxyR and its orthologs might be a common theme in other bacteria.
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[^1]: ^a^ChIP-enriched OxyR-binding regions are shown by the PA number of the associated genes; the respective gene names, operon compositions (indicated by the number of affected genes) and gene annotations are extracted from <http://www.pseudomonas.com>.

[^2]: ^b^Conserved motifs, distance to ATG and the PMW scores were all obtained by Virtual Footprint (as described in 'Materials and Methods' section) for the entire genome of *P. aeruginosa* PAO1 using regions with cutoff \>0.5 as the PMW entry; the defined motifs in [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks017/DC1) were chosen based on those motifs with the highest PMW scores for each binding region.
